Abstract Hoxb5 and Hoxa5 transcription factor proteins uniquely impact lung morphogenesis at the developmental time point when extremely preterm infants are born. The effect of O 2 exposure (0.4 FiO 2 ) used in preterm infant care on these Hox proteins is unknown. We used ex vivo fetal mouse lung organ cultures to explore the effects of 0.4 FiO 2 on lung airway and vascular formation in the context of Hoxb5 and Hoxa5 expression and regulation. Compared to room air, 48 h (h) 0.4 FiO 2 adversely attenuated airway and microvasculature formation while reducing lung growth and epithelial cell volume, and increasing mesenchymal volume. 0.4 FiO 2 decreased pro-angiogenic Hoxb5 and VEGFR2 while not altering protein levels of angiostatic Hoxa5. Lungs returned to RA after 24 h 0.4FiO 2 had partial structural recovery but remained smaller and less developed. Mesenchymal cell apoptosis increased and proliferation decreased with time in O 2 while epithelial cell proliferation significantly increased. Hoxb5 overexpression led to prominent peri-airway VEGFR2 expression and promoted lung vascular and airway patterning. Hoxa5 overexpression had the opposite effects. We conclude that 0.4 FiO 2 exposure causes a profound loss of airway and lung microvascular development that occurs partially via reduction in pro-angiogenic Hoxb5 while angiostatic Hoxa5 expression is maintained.
Introduction
Extremely preterm infants (23-24 weeks gestation) have a high degree of morbidity and mortality that is significantly associated with pulmonary complications from altered airway and vascular development. It is important to note that these most preterm infants are born when their lungs are transitioning from the late canalicular to the very early saccular stage of lung development. This is the earliest point when the air-vascular communication is being established. This is a critical period in development as the continuation of further airway arborization is essential to prepare for the subsequent formation of adequate alveolar structure and alveoli numbers that are needed to sustain adequate gas exchange (Inselman and Mellins 1981; Ten Have-Opbroek 1991; Jobe 2006) . Significantly, important developmental stage-specific regulatory mechanisms that occur in the ex utero environment during this period of lung development are not addressed by most current research models, as these models focus on more structurally mature lungs during the saccular stage and the transition from the saccular to the alveolar stage (Laptook et al. 2005; Doyle et al. 2006; Higgins et al. 2007) ; (O'reilly 2001; Maniscalco et al. 2005; Barker et al. 2006; Aski et al. 2009 ). Additionally, while the deleterious effects of high O 2 (>0.8 FiO 2 ) are well known, very few studies have evaluated the effect of 0.4 FiO 2 on the molecular control of lung development. (Maniscalco et al. 2005; Alejandre-Alcazar et al. 2006; Bustani et al. 2006; Bland et al. 2007) .
Whole animal models also cannot readily address the mechanisms of lung injury during this critical period of late canalicular stage lung development. Thus, whole organ-based models are necessary to identify the specific molecular controls impaired by O 2 exposure at this important time point in the developing lung. Such studies can then relate molecular regulation to structural development. This understanding may prove useful for devising new strategies that will target key regulatory pathways to allow for normal progression of lung development after extremely preterm birth.
Our work and that of others have shown the unique importance of the transcription factor proteins Hoxb5 and Hoxa5 in mouse and human lung particularly during the late canalicular to very early saccular stage of development. This developmental period is significantly relevant to preterm infants born at 23-24 weeks gestation. These studies indicate that Hoxb5 and Hoxa5 impact airway and alveolar development through cell-cell communication between the mesenchyme and epithelial cell compartments, but the exact mechanisms by which this occurs is not yet completely understood. (Aubin et al. 1997; Volpe et al. 1997 , Golpon et al. 2001 Volpe et al. 2003; Kinkead et al. 2004; Mandelville et al. 2006; Volpe et al. 2007 Volpe et al. , 2008 ). An essential role played by mesenchyme to epithelial cell communication within the developing lung is the control of vessel formation within the lung mesenchyme that drives airway and alveolar development. (Hislop 2005; Stenmark and Abman 2005) In mesenchyme-derived cells from other tissues, Hoxb5 and Hoxa5 have critical but different roles in vascular cell fate, and angiogenesis (Wu et al. 2003; Rhoads et al. 2005; Winnik et al. 2009 ). Hoxb5 promotes endothelial cell differentiation from endothelial progenitor cells through regulation of VEGFR2 (Winnik et al. 2009 ). On the other hand, Hoxa5 has angiostatic or possibly antiangiogenic effects (Rhoads et al. 2005) .
Despite these roles of Hoxb5 and Hoxa5 in control of vascular formation, nothing is known about Hoxb5 and Hoxa5 control of lung vascular development or how these roles of Hoxb5 and Hoxa5 impact airway morphogenesis. There is also no information on how hyperoxia alters Hoxb5 and Hoxa5 expression and regulation in developing lung. Uncovering these mechanisms is important because previous studies show that oxygen can affect methylation patterns and expression of regulatory factors, such as AP1 and NfkappaB that also control Hox transcription factor protein expression and activity., (Shiraishi et al. 2002; Hershko et al. 2003) This effect of O 2 on Hoxb5 and Hoxa5 regulation may be more important particularly at O 2 levels of≤0.4 FiO 2 that are just as likely to alter genetic control even though less likely to cause cell death (Barker et al. 2006) . Evaluating the 0.4 FiO 2 level of O 2 on molecular control with the developing lung is essential as this degree of O 2 exposure is thought to be clinically safer than higher levels of O 2 but the impact on developing lung is not completely understood (Aski et al. 2009 ).
Therefore our study was designed to explore the effects of modest hyperoxia, defined as 0.4 FiO 2 exposure, on ex utero airway and vascular morphogenesis in the context of Hoxb5 and Hoxa5 expression patterns using an ex vivo whole lung model that encompasses the late canalicular stage of development. We hypothesized that modest O 2 differentially regulates Hoxb5 and Hoxa5 expression patterns, leading to dysregulated airway and vascular morphogenesis.
Materials and methods

Animals
Timed-pregnant Swiss Webster mice at embryonic day (E) 14 (E0, morning of vaginal plug) were obtained from Charles River (Wilmington, MA). The animal study protocol was approved by the Institutional Animal Research Committee. Principles of laboratory animal care (National Institutes of Health publication 86-23, revised 1985) were followed.
Reagents
Antibodies: Hoxb5 rabbit polyclonal antibody was produced and characterized in our laboratory (Volpe et al. 2000) . E-Cadherin rat monoclonal antibody was purchased from Invitrogen, (Grand Island, NY) . Fluorescein conjugated lectin (GSL-B4) specific to endothelial cells was from Vector (Burlingame, CA). VEGF receptor 2 (VEGFR2) rabbit monoclonal antibody was from Cell Signaling (Danvers, MA) (Meyer et al. 1999) . Rabbit polyclonal antibodies Hoxa5, ki67, and active caspase 3 was purchased from Abcam (Cambridge, MA) (Skalli et al. 1986; McGrath-Morrow et al. 2008) . GAPDH mouse monoclonal was from Ambion (Austin, TX). Western blot horseradish peroxidase (HRP)-linked secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Immunostaining reagents were from Vector (Burlingame, CA); chemiluminescent reagent from Perkin Elmer (Boston, MA). The oxygen chamber was purchased from Billups-Rothenberg (Delmar, CA). All other reagents were from Fisher Scientific (Pittsburgh, PA) unless otherwise specified.
Whole fetal mouse lung organ cultures Whole fetal mouse lung cultures were prepared as we have described with modifications (Volpe et al. 2000 (Volpe et al. , 2007 . In order to study the whole lung in organ culture, E14 fetal mouse lungs were cultured at the air-liquid interface for 48 h (h) in a 0.21 FiO 2 (Room Air, RA), 5 % CO 2 , 37°C incubator to allow the intact whole lungs to progress structurally to a developmental equivalent of late canalicular stage lung, as we and others have described (Slavkin et al. 1989; Volpe et al. 2000; Dieperink et al. 2006; Volpe et al. 2007; Bhaskaran et al. 2009) . At 48 h, lungs were randomly assigned to the following conditions for an additional 48 h: 1) RA (Control Group); 2) 0.4 FiO 2 (O 2 Group) or; 3) 0.4 FiO 2 for 24 h followed by RA for 24 h (0.4 FiO 2 24 h/RA 24 h; Rescue Group). Lungs in these groups were cultured for total of 96 h (48 h in RA before treatment condition, then 48 h within the treatment condition) in the same incubator and monitored daily to confirm consistent O 2 concentrations (by calibrated O 2 meter). In a further set of experiments, lungs were transfected with Hoxb5 or Hoxa5 DNA expression plasmids or empty vector control using Dharmafect transfection reagent (Lafayette, CO) according to the manufacturer's recommendations and as we have described (Yamaguchi et al. 1993; Volpe et al. 2007) . Briefly, the expression plasmids were complexed with Dharmafect transfection reagent in serum-free medium followed by direct application of the plasmid-vehicle mixture (2 ul) to each lung that was rapidly absorbed by each lung. The remainder of the plasmid-vehicle mixture was mixed with growth medium in each culture dish. Using these methods we have previously shown effective uptake of constructs into lung tissue with specific changes in gene regulation without side effects (Volpe et al. 2007; Mujahid et al. 2013) The expression plasmids contain the complete open reading frame clone for Hoxb5 (Origene, Rockville, MD; Plasmid RG202156) or Hoxa5 (Origene, Rockville, MD; Plasmid RG218740). These plasmid transfected lungs were cultured for a total of 48 h. Nine separate experiments were performed each containing whole fetal lungs from 5 litters.
Evaluation of lung branching morphogenesis and lung morphologic growth Lungs were microscopically visualized to compare daily growth and airway branching of each lung over time in culture. To quantify these visual evaluations, surface area evaluation was performed as we have previously done with modifications as follows (Volpe et al. 2000 (Volpe et al. , 2003 . Lungs confirmed at the initiation of culture to be whole lungs (all five lobes intact and identified) were photographed daily at 10x magnification. A computer-generated line (See Fig. 2a ) was used to trace the outline of each whole lung followed by calculation of surface area within each outline. The generated surface area measurement of each lung was statistically compared to the surface area of same lung from the previous day of culture (ΔSA) . This allowed us to evaluate morphologic growth for each lung over time in culture in control (RA) versus experimental conditions (O 2 and Rescue Group).
E-cadherin and endothelial cell lectin immunofluorescence
Whole mount E-Cadherin (Invitrogen, Grand Island, NY) staining was done to identify how 0.4 FiO 2 and induced expression of Hoxb5 and Hoxa5 impacted airway development (Lazarus et al. 2013; Mujahid et al. 2013) . Lung sections were stained using a fluorescein-labeled GSL-B4 endothelial cell-specific lectin to assess vascular formation (Vector, Burlingame, CA). Using confocal microscopy, E-Cadherin-and endothelial cell lectin-labeled whole fetal lungs were visualized with image stacking along the z-axis. The generated Zstacked images were used to visually assess whole lung structural airway branching and vessel formation. N≥3 lungs per condition.
Western blot analysis
Western blot with densitometry was done as we have described to determine Hoxa5 and Hoxb5 total protein levels in lungs from the RA and O 2 Groups and in lungs transfected with Hoxb5 and Hoxa5 DNA expression plasmids (Volpe et al. 2000 (Volpe et al. , 2007 . N=8 samples/per condition with each sample containing 3 lungs.
Immunohistochemistry
Lung coronal tissue sections (N≥3 lungs per condition from≥ 3 experiments) were immunostained using Avidin-Biotin (ABC) methodology (Vector, Burlingame, CA) with blue alkaline phosphatase detection as we have described (Volpe et al. 2000 (Volpe et al. , 2007 (Volpe et al. , 2008 . Primary antibody concentrations were: Hoxb5 (1/200); Hoxa5 (1/400); VEGFR2 (1/250); Caspase 3 (1/800) and ki67 (1/2000). All comparisons were made from reactions processed together with same chromagen exposure times. Immunostaining controls were done as we have published (Volpe et al. 2000 (Volpe et al. , 2007 . N≥3 lungs per condition for each protein studied.
Lung morphometry (point counts)
Lung morphometry was measured to quantify phenotypic changes in lung morphology as we have previously described [29] . Using a computer generated 25 μM grid overlayed on a 20x magnification of selected tissue sections (separated by at least 18 μM), airway space, mesenchyme, and epithelial regions were identified at each intersecting point on the grid (point counts). The percentage mean of summed point counts of airway space, mesenchyme and epithelial cells from each tissue section were compared between Control and Experimental groups (N≥30 sections per condition separated by 18 μm from≥3 lungs lungs per condition).
Quantification of proliferating cells
Ki67+ epithelial and mesenchymal cells were counted in tissue sections from similar lung regions. The number of Ki67+ epithelial and mesenchymal cells was expressed as a percentage of Ki67+ cells within each tissue section with comparisons made between control and experimental groups. (N=≥ 2 lungs per condition, at least three sections per lung each separated by at least 18 microns) (Bhatt et al. 2001 ).
Statistical analyses
Nonparametric ANOVA or two-tailed t-tests (GraphPad Software, San Diego, CA) were done as appropriate with significance level of P<0.05.
Results
FiO 2 altered lung morphologic development
Images of lungs were taken during culture. Whole lung confocal immunofluorescence of E-Cadherin (which labels lung epithelial cells) was done at the end of the culture period ( Fig. 1 ). Fetal lungs appeared structurally similar at the start of culture and prior to the random assignment to Control (RA) and O 2 (0.4 FiO 2 ) treatment groups after 48 h of culture (Fig. 1a, a′ c, c′) . Control lungs that remained in RA for the subsequent 48 h continued to form more branch generations from parent branches, developing a highly arborized airway pattern (Fig. 1b, b′ ). E-Cadherin immunofluorescence ( Fig. 1e ) further demonstrated the three-dimensional nature of airway branching in these control lungs. However, lungs switched to 0.4 FiO 2 (Fig. 1d , d′, f) for the last 48 h of culture became noticeably less well arborized with arrested branching and apparent branch elongation of existing branches. Zstacked E-Cadherin confocal images of the 0.4 FiO 2 exposed lungs (Fig. 1f) confirmed that these oxygen-exposed lungs had a paucity of airway branches compared to control (RA exposed) lungs. Branches that were present appeared disorganized and wider than airways in control lungs. To further evaluate the visual impression of altered morphology with 0.4 FiO 2 exposure we calculated the ΔSA (Fig. 2a) , a reliable and quantifiable measure of lung growth in culture as we have previously done (Volpe et al. 2007) . Over the first 48 h of culture while in RA, ΔSA was similar between groups.
Control lungs grew at a consistent rate from 48 through 96 h of culture (Bogue et al. 1994; Aubin et al. 1997; Volpe et al. 1997 Volpe et al. , 2000 Volpe et al. , 2003 , we evaluated Hoxb5 and Hoxa5 protein levels and immunolocalization in lungs from the RA and O 2 groups. After 48 h of 0.4 FiO 2 , Hoxb5 protein levels decreased to 50% of control lungs ( Fig. 3a; P=0.0009). Hoxa5 total protein levels were not significantly changed (Fig. 3b) . This change in Hoxb5 while Hoxa5 protein levels were relatively unchanged altered the normal developmental expression pattern of these two Hox proteins, towards that observed later in lung development (near term gestation) when airway arborization is completed and saccularization is wellestablished (Volpe et al. 1997 (Volpe et al. , 2003 (Volpe et al. , 2008 . The significant change in the levels of Hoxb5 without any substantial change in Hoxa5 with 0.4 FiO 2 exposure is further reflected by the altered spatial and cellular distribution of Hoxb5 and Hoxa5 (Fig. 4) . In RA-cultured lungs, Hoxb5 nuclear staining (Fig. 4a) was localized more to fibroblasts around distal airway branches than to regions around central lung airways. Hoxa5 (Fig. 4c) was localized diffusely throughout the mesenchyme. These expression patterns are similar to what we have shown in in vivo developing lungs at approximately E17-E18 mouse and 22-23 wk human lung (Volpe et al. 1997 (Volpe et al. , 2003 (Volpe et al. , 2008 . In contrast, the airways of lungs cultured in 0.4 FiO 2 for 48 h (Fig. 4b, d ) exhibited a predominance of columnar epithelium characteristic of early canalicular stage lungs. The normal pattern of Hoxb5 spatial and cellular expression was lost. Mesenchymal Hoxb5 expression was much less intense and showed no obvious spatial distribution (Fig. 4b) . In contrast, Hoxa5 protein became relocalized to anomalous clusters of condensed mesenchymal cells (Fig. 4d) .
Morphometric analysis further delineated the gross morphologic changes seen in the cultured O 2 exposed lungs (Fig. 5 ). Compared to RA control lungs, lungs placed in 0.4 FiO 2 from 48 to 96 h had significantly decreased airway (P= 0.003) and epithelial cell volume (P=0.002) and increased mesenchymal volume (P=0.04). Knowing that airway development and lung vascular development can reciprocally affect each other (Coalson 2003; Thebaud et al. 2005) and that Hoxb5 and Hoxa5 have prominent but opposing roles in vascular development in other organs, (Wu et al. 2003; Rhoads et al. 2005; Winnik et al. 2009 ) we compared the changes in Hoxb5 and Hoxa5 expression patterns observed in our model with changes in lung endothelial cell organization (identified by endothelial cellspecific lectin binding) and VEGFR2 expression patterns. RA Control lungs showed the expected pattern of peri-airway localization of endothelial cells and VEGFR2 expression (Fig. 6a, b) . With 0.4 FiO 2 exposure, this peri-airway distribution (Fig. 6c, d ) was abolished. Lectin binding was reduced and only seen in remotely isolated clusters of cells around apparent damaged and disorganized airway structures (Fig. 6c) . Similarly, overall VEGFR2 staining was less intense and VEGFR2 positive cells within lung mesenchyme were more distant from airway epithelium in 0.4 FiO 2 exposed lungs (Fig. 6d ).
Hoxb5 and Hoxa5 directly impact lung airway and microvascular development We further evaluated the direct effect of induced Hoxb5 and Hoxa5 expression on airway branching patterns (whole mount E-Cadherin staining), VEGFR2 localization and lung microvascular development (lectin binding). Compared to controls (Fig. 7a, b) , lungs with induced Hoxb5 expression had much more intense peri-airway Hoxb5 mesenchymal cell localization (Fig. 7c) and increased Hoxb5 protein levels (Fig. 7e) . Induction of Hoxa5 led to more diffuse Hoxa5 mesenchymal expression (Fig. 7d ) and increased Hoxa5 protein levels (Fig. 7f ). Hoxb5 and Hoxa5 induction caused unique changes in airway branching, VEGFR2 staining and endothelial cell organization compared to control lungs. Hoxb5 over expression led to the development of airway branches that had multiple branch points (Fig. 7h) . Lungs with Hoxa5 over expression had a more finely arborized pattern (Fig. 7i) . Evaluating VEGFR2, an early marker used to identify cells with an endothelial phenotype, we found that Hoxb5 over expression also caused an increase in peri-airway localization of VEGFR2 (Fig. 8b ) and enhanced endothelial cell organization (Fig. 8e) suggesting the formation of robust vessel clusters. Hoxa5 over expression, on the other hand, reduced periairway VEGFR2 localization (Fig. 8c) and lectin binding identified isolated small clusters of endothelial cells within the lung and at the edge of the lung (Fig. 8f) . No differences were seen in localization or amount of Ki67 expressing cells within the transfected lungs compared to control lungs (data not shown) suggesting that these effects of Hoxb5 and Hoxa5 on microvasculature and airway formation do not occur through a prominent change in cell proliferation. We also did not see any change in airway epithelial differentiation (Sox2 and TTF-1 immunostaining, data not shown) suggesting that the altered airway arborization involves a different mechanism from airway epithelial differentiation.
Return of lungs to RA after 24 h 0.4 FiO 2 exposure (Rescue group) led to some recovery of lung growth and airway and vascular development in association with modified Hoxb5 cellular expression patterns Figure 9a expands upon results shown in Fig. 2 , adding to the data to show the comparison of surface area in lungs returned to RA after 24 h exposure to oxygen verses lungs in the Control (RA) or O 2 (0.4 FiO 2 ) group. Lungs designated as Fig. 2 Lung morphologic growth identified by surface area (ΔSA) analysis was adversely affected by 48 h 0.4 FiO 2 . a Example of whole lung growing in culture outlined by representative computer generated outline, generated for each lung and used to quantify lung surface area (Volpe et al. 2007) . Area within outline is identified as lung surface area. b Change in surface area (ΔSA) of lungs over time in culture: ΔSA is defined as surface area of each lung compared to itself from previous day of culture (i.e. lung surface area at 72 h subtracted by the same lung's surface area at 48 h=ΔSA of that lung from 48 to 72 h of culture). Lungs that remained in RA (solid line) for 96 h had consistent growth as indicated by the positive ΔSA. However, lungs placed in 0.4 FiO 2 after 48 h of culture (dashed line) had significantly regressed growth as indicated by the negative ΔSA. *P=0.01, 0.4 FiO 2 vs. RA at 48-72 h and 72-96 h, Mean±SEM, N≥20 rescue group lungs where cultured similarly and had similar surface area to lungs cultured in O 2 until they were returned to RA after 24 h of 0.4 FiO 2 exposure. Lungs returned to RA after 24 h exposure to 0.4 FiO 2 exhibited some recovery of lung growth (dashed-dot line, Fig. 9a ) but they remained smaller than RA cultured lungs. Images of Z-stacked ECadherin-whole mount lung staining (Fig. 9b ) demonstrated that this recovery of lung growth occurred with the formation of new airways on a background of the dilated or widened airways that were formed during 0.4 FiO 2 exposure (compare Fig. 9b to Fig. 1d ). These changes in airway branching correlated with some recovery of peri-airway localization of Hoxb5 (Fig. 9c) , lectin binding (Fig. 9d) , and VEGFR2 expression (Fig. 9e) To understand the contribution of apoptosis and cellular proliferation to lung structural changes seen with ex utero exposure to this level of O 2 we evaluated the cellular localization pattern of active caspase 3 and Ki67. Active caspase 3, an indicator of the degree of apoptosis, was rarely seen in control lungs (Fig. 10a) (Barker et al. 2006 ). After 0.40 FiO 2 exposure (Fig. 10b) , caspase 3 was preferentially localized to clusters of mesenchymal cells. Rescue lungs (Fig. 10c) had an intermediate degree of caspase-positive cells within the mesenchyme. Evaluation of the percentage of Ki67 positive cells (detects cycling cells) (Maniscalco et al. 2002; Bustani et al. 2006) demonstrated that compared to RA control lungs epithelial proliferation was significantly increased and mesenchymal cell proliferation significantly decreased with length of time in 0.40 FiO 2 ( Fig. 10d ; P=0.04).
Discussion
Preterm infants born at the limits of viability (23-24 weeks) gestation have a severely compromised chance of survival (Tyson et al. 1999; Hamilton et al. 2009 ). They are born when Epithelial boundaries are outlined by dashed lines in a and c to better identify airway structures in these immunofluorescent images. N≥3 lungs/condition from at least 3 experiments their lungs are in transition from the late canalicular to very early saccular stage of structural development. During this time period, airway and vascular development has reached a point to potentially allow sufficient gas exchange in the extrauterine environment but only with significant respiratory support including oxygen. In infants at this gestational age, any significant alteration in the lung's structural developmental program will occur well before the onset of alveolar formation, placing them at the highest risk for short-and long-term pulmonary morbidity. To understand how lung development is curtailed in these extremely preterm infants, it is necessary to understand how their earlier birth and exposure to hyperoxia affects airway and vascular development. Understanding lung-specific mechanisms that occur at this time point in development will shed light on the precursor molecular events that ultimately lead to defective alveolar formation. This knowledge is essential to developing therapies that can promote continued normal airway and vascular development for infants born at the limits of viability. Animals rarely survive if born at this stage of prematurity, which precludes the evaluation of ex utero therapy on the relationship between structural development with specific protein expression in the intact animal. Therefore, we used an ex vivo whole lung experimental model. This allowed us to focus on alterations in the lung's developmental program at a developmental time point more relevant to that of infants born at 23-24 weeks gestation whose lungs are then exposed to the extra-uterine environment. We chose to focus on exposure to relatively modest O 2 levels (0.4FiO 2 ) given the recently revised resuscitation guidelines for preterm infants and that the concentration of O 2 at or around 0.4 FiO 2 has traditionally been thought to be less toxic to lung than higher O 2 concentrations (van Fig. 7 Over expression of Hoxb5 or Hoxa5 protein in fetal mouse lungs caused different changes in airway branching patterns. In control lungs (a, b), scattered Hoxb5 (a) and Hoxa5 (b) positive cell (blue staining) clusters were seen underlying the airway epithelium. However, Hoxb5 plasmid transfected lungs (c) had intense and diffuse staining (arrows in c) surrounding airways with narrow lumens and apparent multiple branch points. Hoxa5 transfected lungs (d) had diffuse mesenchyme expression of Hoxa5 (arrows in d) surrounding developing airways with wider lumens than the Hoxb5 transfected lungs. e, f Western blot confirms increased protein levels when lungs were transfected with either the Hoxb5 (e) or Hoxa5 (f) expressing plasmid. g, h, i E-Cadherin whole mount confocal images show that compared to control lungs (g), Hoxb5 transfected lungs (h) had multipodal and 3D airway structures (arrows in h). Hoxa5 transfected lungs (i) developed a more finely arborized airway branching pattern (arrows in i) that appeared better organized than that seen with Hoxb5 over expression. 20× Mag, N=3 lungs per condition Oostveen et al. 1999; Aski et al. 2009 ). Given the importance of Hoxb5 and Hoxa5 to the lung structural development and the distinct roles for these Hox proteins in vasculogenesis and angiogenesis (Wu et al. 2003; Rhoads et al. 2005; Arderiu et al. 2007; Winnik et al. 2009 ), we focused on these Hox proteins in our evaluation. We show that even modestly increased oxygen (0.4FiO 2 ) significantly altered Hoxb5 expression changing the balance between lung mesenchyme expression of angiogenic Hoxb5 and angiostatic/anti-angiogenic Hoxa5, while adversely changing airway branching, lung morphology, and vasculogenesis. Further, we have shown for the first time the direct impact of regulation by these Hox proteins on lung blood vessel formation.
Our results suggest that 0.4 FiO 2 decreases airway generations from which saccules and alveoli can form with progression of development. Our visual interpretation of lungs in culture and morphometric data showing a decrease in lung area composed of airway space compared to mesenchyme area with O 2 exposure supports this possibility. The rapidity of arrest in airway development (within 24 h O 2 ) and the lack of complete recovery over a similar time period when lungs are returned to room air indicates the potential for permanent effects of even short periods of 0.4 FiO 2 exposure. While this model cannot reproduce and is not meant to be a perfect comparison to the clinical experience of infants born at 23-24 weeks gestation, it is an accessible and most feasible way to evaluate in structurally intact whole lungs the effects of ex utero oxygen exposure at the late canalicular to very early saccular stage transition. Further, it uncovers important aspects of lung development to consider that are still in play when infants are born at these extremes of prematurity with incomplete lung structure. This is also important information as it identifies structural alterations in ex utero lung morphogenesis that occur at a time in development that is prior to the onset of the alveolar phase. In human infants, these changes can only be studied retrospectively in post-mortem samples long after the initial injury to the developing lung.
In the current study, the mechanism causing reduced Hoxb5 expression with 0.4 FiO 2 exposure is possibly a result of the ability of oxygen to regulate the expression and DNA binding of transcriptional complexes including AP1 and CEBP that have binding sites in the Hoxb5 promoter region (Galang and Hauser 1993; Rahman et al. 2006; Wright and Dennery 2009; Xu et al. 2009; www.cbil. upenn.edu/cgi-bin/tess/tess 2010) . Oxygen can also alter DNA methylation. (Barker et al. 2006) Hoxb5 expression is modulated via methylation which may have played a role in down regulation of Hoxb5 in our study (Hershko et al. 2003) . We previously showed that specific inhibition of Hoxb5 protein expression in developing mouse lung led to arrested airway branching and aberrantly placed airway generations with changes in cell-cell adhesion at the mesenchyme-epithelial border of developing airways (Volpe et al. 2000 (Volpe et al. , 2007 . Conversely, in human congenital lung anomalies characterized by increased airway branching, Hoxb5 protein is abnormally up regulated is association with altered expression of cell-cell adhesion molecules (Volpe et al. 2003) . These studies, together with the data we present here, strongly suggest that decreased Hoxb5 protein levels are part of the mechanism leading to the arrest and regression of airway development with 0.4 FiO 2 ex utero exposure. The preferential effect of 0.4 FiO 2 exposure on decreasing Hoxb5 protein levels but not significantly impacting Hoxa5 protein levels is very noteworthy considering the opposing roles of Hoxb5 and Hoxa5 in vasculogenesis and angiogenesis in other tissues and in our current study (Wu et al. 2003; Rhoads et al. 2005; Winnik et al. 2009 ). In human umbilical vein endothelial cells, Hoxb5 promotes progression of endothelial cell fate and differentiation through direct up regulation of VEGFR2 expression via direct binding of Hoxb5 to the VEGFR2 promoter (Wu et al. 2003; Winnik et al. 2009) . In this same cell type, Hoxa5 inhibits the expression of several proangiogenic substances including VEGFR2, decreasing vessel branching (Rhoads et al. 2005) . Our data support that reduced mesenchymal expression of proangiogenic Hoxb5 while expression of angiostatic Hoxa5 remains relatively unchanged likely contributes to decreased peri-airway blood vessel formation in late canalicular stage lungs after 0.4 FiO 2 exposure. Loss of peri-airway blood vessels would be expected to adversely impact airway development via changes in both cell-cell interactions and altered paracrine and juxacrine signaling (Hislop 2005; Stenmark and Abman 2005) . Although Hoxa5 total protein levels did not significantly change, the locally altered Hoxa5 mesenchymal expression pattern and reduced Hoxb5 expression is likely important. Small changes in the cellular expression of a Hox protein can result in significant downstream changes in gene regulation (Graba et al. 1997; Hombria and Lovegrove 2003) . The expression pattern of Hoxa5 in lungs exposed to 0.4 FiO 2 in this study is similar to that seen in a mouse model of pulmonary hypoplasia (Volpe et al. 2008) .
Oxygen can also alter cell proliferation and apoptosis, in part through altered regulation of specific proteins that control these cellular events (Barker et al. 2006; Wright and Dennery 2009) . Hox proteins can either promote or inhibit cell proliferation depending on the cellular environment and presence or absence of Hox cofactors (Morgan et al. 2000; Pan and Simpson 2001) . In this study we found that 0.4 FiO 2 exposure to the ex utero lung altered mesenchymal cell apoptosis and airway and mesenchymal cell proliferation. This did not appear to occur through direct changes in Hoxb5 and Hoxa5 as direct over expression of Hoxb5 or Hoxa5 in lung organ cultures did not produce significant changes in either active caspase 3 or ki67 immunostaining (data not shown). However, mesenchymal cell apoptosis was increased and proliferation decreased in proportion to the length of time the lungs remained in 0.4 FiO 2 . This information along with the selective reduction of Hoxb5 in mesenchyme suggests that this increased mesenchyme apoptosis may have targeted cells expressing Hoxb5 that were possibly progenitor cells for future blood vessel formation (Wu et al. 2003; Winnik et al. 2009 ). This possibility is supported by other published studies showing the important role of Hoxb5 in the regulation of mesenchymal precursor cell development into mature endothelial cells and through the known direct regulatory role of Hoxb5 on VEGFR2 expression (Wu et al. 2003) . VEGFR2 regulation is one of the factors that direct mesenchymal cells to an endothelial cell fate (Yamaguchi et al. 1993) . On the other hand, continued mesenchymal expression of the more angiostatic Hoxa5 in the face of this decreased Hoxb5 expression with 0.4 FiO 2 exposure may have favored a premature decrease in vessel branching around developing airways (Rhoads et al. 2005; Arderiu et al. 2007 ). The change in epithelial cell proliferation that we noted in our study is similar to findings of others where higher oxygen concentrations were used (Maniscalco et al. 2002; Bustani et al. 2006) . This altered epithelial cell proliferation may be a compensatory response to the loss of airway arborization and could have occurred via direct effects on epithelial cell function or through altered mesenchymal-epithelial cell interactions (Stenmark and Abman 2005) .
Conclusions
In summary, this work suggests that 0.4 FiO 2 exposure in the late canalicular stage lung leads to abnormal airway and vascular morphogenesis partially through a decrease in Hoxb5 protein expression in lung mesenchyme. This decreased expression of proangiogenic Hoxb5 in the face of the continued presence of angiostatic or anti-angiogenic properties of Hoxa5 protein likely contributes to arrest of lung vascular formation at this time in development. In human infants, this altered developmental regulation may be part of the mechanism that sets the stage for the beginnings of impaired lung development after preterm birth and may partially explain the mechanisms contributing to the severe pulmonary morbidity and mortality of infants born at the limits of viability. Examining these mechanisms during this critical developmental window is important for advancing insight into gestational-age specific events that contribute to the continued poor pulmonary outcome in this group of infants. 
